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A mechanism of controlling the degree of strain relaxation in GeSn epilayers, grown by 
molecular beam epitaxy on Ge/Si(001) substrates, is reported in this work. It is demonstrated 
that by suitably controlling the thickness and the growth recipe of the underlying Ge buffer 
layer, both fully-strained and highly-relaxed GeSn epilayers can be obtained, without 
significant Sn segregation. The strain relaxation of the GeSn epilayer is mediated by threading 
dislocations of the Ge buffer layer, propagating across the Ge-GeSn interface. Systematic 
estimation of the threading dislocation density in both the alloy epilayer and the Ge buffer 
layer, by the approach developed by Benediktovich et al. [A. Benediktovitch, A. Zhylik, T. 
Ulyanenkova, M. Myronov, A. Ulyanenkov (2015), J. Appl. Cryst. 48, 655-665] supports this 
observation, and also reveals that no additional dislocations are generated at the Ge-GeSn 
interface. Together with recently reported techniques to arrest dislocation propagation in GeSn 
epilayers, these results bode extremely well for realization of highly-relaxed GeSn epilayers, 
much coveted for development of GeSn-based emitters.  
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Integration of photonic elements to the complementary-metal oxide-semiconductor (CMOS) 
platform is an important milestone for the semiconductor industry. In this context, the alloy of 
Ge and Sn (GeSn) has gained significant attention as a group-IV semiconductor with promising 
electronic [2,3] and optical properties [4,5]. Particularly encouraging for photonics is the fact 
that GeSn exhibits a direct energy bandgap, for Sn concentrations of ~ 6% or higher, provided 
epilayers of the alloy are fully relaxed [6-11]. However, light emitting devices with active 
layers of partially-relaxed direct-bandgap GeSn epilayers have already been fabricated [12, 
13], including prototypes of optically-pumped lasers [14, 15].  
For fully-strained or partially stain-relaxed GeSn epilayers, the indirect-to-direct bandgap 
transition is shifted towards higher Sn concentrations. Incorporation of such large 
concentrations of Sn in epitaxially grown GeSn/Ge/Si(001) heterostructures is challenging, due 
to the higher lattice-mismatch between the alloy and Ge, and the low solid-solubility of Sn in 
Ge [16]. Thus, one of the focus areas of research in GeSn epitaxy is to understand and engineer 
the relaxation behaviour of the alloy, such that high-quality epilayers with sufficiently high Sn-
concentrations can be grown [17 – 22] for fabrication of efficient light-emitting devices.  The 
usual approach to achieve complete strain relaxation is to increase the epilayer thickness much 
beyond the critical thickness for strain relaxation. In GeSn epitaxy, this however leads to poor 
surface quality and epitaxial breakdown, particularly for large Sn concentrations (> 10%). 
Moreover, achieving complete strain-relaxation, even in thick GeSn epilayers, appears to be a 
non-trivial task. For a layer thickness of 1 m, von Driesch et al. observed only 81 % strain 
relaxation in chemical-vapour-deposition-(CVD)-grown GeSn epilayers, with 12.5 % Sn [17]. 
Subsequently, Margetis et al. achieved a much higher strain relaxation (95 %) in GeSn 
epilayers of similar thickness and Sn-composition [18], also grown by CVD. Interestingly, the 
authors observed a dislocation filtering effect, wherein threading dislocations formed half-
loops within the first ~300 nm of the epilayer (consisting of ~ 8.7 % Sn) and thereby enabled 
the subsequent growth of a high-quality layer with enhanced Sn-content (12.7 %).  Very 
recently, Aubin et al. demonstrated CVD-growth of step-graded GeSn epilayers, with 64 % 
strain relaxation of the topmost 180-nm layer, containing16 % Sn [19]. While these studies on 
strain relaxation of CVD-grown GeSn/Ge/Si(001) epilayers are very encouraging, it is 
important to note that such large degree of strain relaxation has not been widely reported in 
molecular beam epitaxy (MBE) growth of the alloy. Takeuchi et al. obtained up to 45 % strain 
relaxation in MBE-grown GeSn epilayers with 2.2 % Sn, as a result of post-growth thermal 
annealing for 10 min at 600 C, in N2 ambient [20]. However, by adopting the same approach 
for strain relaxation of GeSn epilayers with higher Sn-content (> 2. 5 %), the authors observed 
-Sn-precipitation and concomitant reduction of Sn-content from the bulk of the epilayer [21 -
22].    
In this work, we show that strain-relaxation of GeSn epilayers grown on Ge/Si(001) by MBE 
can be tailored significantly, by controlling the crystal-quality  and thickness of the underlying 
Ge buffer layer. Our results demonstrate that thin and partially-relaxed Ge buffer layers can 
induce strain-relaxation of the overgrown GeSn epilayer, while their thick and fully-relaxed 
counterpart, typically used in GeSn epitaxy, may supress the same. We achieved 72% and 78% 
strain relaxation in 450-nm-thick GeSn epilayers, with 5.4 % and 9.4% Sn, respectively. 
The growth details of the three samples investigated in this work (labelled as A, B, and C) are 
given in Table 1. The Ge and the GeSn epilayers of all the three samples were grown on boron-
doped silicon (001) substrates, in a RIBER C12 molecular beam epitaxy (MBE) chamber, 
maintained at a base pressure of  7 × 10−10 mbar. The Ge buffer layer of sample A was grown 
by the two-step growth technique developed by Colace et al. [23], followed by two iterations 
of in-situ annealing [24]. In the two-step growth process, the first 20 nm of Ge was grown at 
TG = 250 C, while the rest of the buffer layer was grown at TG = 400 C. In-situ annealing was 
performed at TA = 840 C for tA = 10 mins, interspersed by a cooling-down step (to 250 C). 
The two-step growth technique, together with the post-growth cyclic annealing treatment, is a 
well-established route to obtain Ge buffer layers of high crystalline quality, for layer 
thicknesses of ~ 300 nm or higher. The recipe followed in sample A for the Ge buffer growth 
has been optimized [25] for the most superior crystal quality, as demonstrated later by HRXRD 
and HRTEM results. On the contrary, the Ge buffer layers for samples B and C were 
intentionally grown at a low temperature (TG = 250 C) and with a smaller thickness (80 nm). 
In low temperature Ge epitaxy, the misfit strain is predominantly released plastically, by 
formation of dislocations. These dislocations are known to thread through the Ge layer, for the 
small thicknesses chosen for samples B and C. For all three samples, the GeSn epilayer was 
grown at TG = 180 C, at a growth rate of 1.4 nm min-1.  Further details regarding pre-growth 
surface preparation and growth of the epilayers can be found in Ref. [25]. 
HRXRD has been extensively employed in this work to determine the strain-state of both the 
GeSn and the Ge epilayers, and the Sn-content of the former. More importantly, the threading 
dislocation densities (TDD) of both the layers have also been estimated by HRXRD, following 
the method proposed very recently by Benediktovich et el. [1]. This approach is a 
generalization of the technique originally developed by Kaganer et al. (for c-oriented 
GaN/Sapphire (0001) epilayers [26]) for arbitrary surface-orientation and dislocation-line-
direction and provides a better estimate of the TDD, in comparison to the usual methods [25, 
27-29] which rely on a Gaussian (or Voigt) fitting of the diffracted X-ray intensity. All X-rays 
measurements were carried out in a Rigaku Smartlab diffractometer, equipped with a 9 kW 
rotating Cu anode, a parabolic mirror, and a double-crystal Ge (220) monochromator, and 
capable of performing scans in both out-of-plane and in-plane geometries. The HRXRD set-up 
for an arbitrary asymmetric scan is shown schematically in Figure 1 (a), wherein the important 
angles of the diffraction geometry are depicted. In this work,  𝜔 − 2θ scans  and  𝜔- scans have 
been recorded for the symmetric (004) and the asymmetric (224) reflections. Diffractograms 
were recorded in the double-crystal configuration, with a wide open detector. The crystalline 
quality of the epilayers was further probed by cross-sectional high-resolution transmission 
electron microscopy (XTEM), using a JEOL 200 microscope operating at voltages of up to 200 
kV. 
Table 1: Layer-thicknesses (tGe and tGeSn) and growth temperatures (TGe and TGeSn) of different 
samples studied in this work. The Ge buffer layer of sample A was further (cyclic-) annealed 
(See main text). 
Sample Ge buffer layer GeSn epilayer 
TGe (C) tGe 
(nm) 
TGeSn 
(C) 
tGeSn 
(nm) 
A 250 (~ 20 nm)  
+ 400 (~330 nm) 
352 180 500 
B 250 80 180  450 
C 250 80 180 450 
 
Figure 1 (b) and 1 (c) show the 𝜔 − 2𝜃 diffractograms of the (004) and (224) reflections, for 
all three samples. In case of sample A, it is observed that the Ge (004) reflection exhibits an 
asymmetric broadening towards the Si (004) reflection (Fig. 1 (b) (top panel)). This suggests 
the presence of an alloyed SiGe layer at the Si-Ge interface. Si-Ge intermixing is a usual 
occurrence with post-growth high-temperature cyclic annealing [23]. The in-plane and out-of-
plane lattice constants of both Ge and GeSn epilayers, as calculated from the positions of the 
intensity maxima of the (004) and (224) reflections, are listed in Table 2.  
Also listed are the bulk lattice constants and the Sn-concentrations of the GeSn epilayers, as 
estimated using Vegard’s law [30]. It is worth noting that the GeSn (004) reflection of sample 
C is also asymmetrically broadened, towards lower 2  values. This suggests that the Sn-
content varies across the thickness of the GeSn epilayers, which is most likely due to the 
tendency of Sn to segregate to the surface. In calculating the bulk lattice constant and the Sn-
content of the GeSn alloy in sample C, the position of the intensity-maximum has been 
considered. It may therefore be concluded that the tabulated value corresponds to the minimum 
Sn-content (9.4%) of the alloy epilayer in sample C.  
Table 2: The measured values of in-plane and out-of-plane lattice constants of the Ge and GeSn 
layers, together with the calculated values of bulk lattice constants and Sn contents of the alloy.   
 
The thicknesses of the GeSn epilayers (𝑡𝐺𝑒𝑆𝑛) are plotted in Figure 1 (d) versus their Sn-
concentrations. Also plotted in the same Figure are the expected critical thicknesses (𝑡𝑐) for 
onset of plastic relaxation, as predicted by the Mathew-Blakeslee [31] and the People-Bean 
[32, 33] models. For all three samples, 𝑡𝐺𝑒𝑆𝑛  is larger than the 𝑡𝑐 predicted by either of the 
Mathew-Blakeslee (M-B) and People-Bean (P-B) models, with the deviation being much larger 
in case of the former. However, the systematic study of Ref. [34] conclusively demonstrates 
that the P-B model provides the more realistic estimate of 𝑡𝑐, in case of GeSn epitaxy. With 
respect to the P-B model, 𝑡𝐺𝑒𝑆𝑛 𝑡𝑐⁄  is nearly the same for samples A and B (1.72 and 1.12, 
respectively), while it is very different for sample C (𝑡𝐺𝑒𝑆𝑛 𝑡𝑐⁄ = 4.1). Therefore, the degree of 
strain relaxation (𝑅) may be expected to be comparable for samples A and B, while being 
significantly higher for sample C. Furthermore, one would also expect 𝑅 for sample A to be 
higher than that for sample B.   
Interestingly, the plot of 𝑅𝐺𝑒1−𝑥𝑆𝑛𝑥 for the three samples, depicted in Figure 1 (e), do not 
corroborate to this intuitive correlation. Here, 𝑅𝐺𝑒1−𝑥𝑆𝑛𝑥 has been calculated as   
Sample Sn 
(%) 
𝒂
𝑮𝒆𝟏−𝒙𝑺𝒏𝒙 
(Å) 
𝒂||
𝑮𝒆𝟏−𝒙𝑺𝒏𝒙 
(Å) 
𝒂𝑮𝒆𝟏−𝒙𝑺𝒏𝒙 
(Å) 
𝒂
𝑮𝒆            
(Å) 
𝒂||
𝑮𝒆            
(Å) 
𝒂𝑮𝒆  
(Å) 
A 6.2 5.744 5.667 5.726 5.648 5.666 5.652 
B 5.4 5.720 5.683 5.701 5.662 5.636 5.647 
C 9.4 5.756 5.713 5.734 5.676 5.638 5.656 
𝑅𝐺𝑒1−𝑥𝑆𝑛𝑥 = (𝑎||
𝐺𝑒1−𝑥𝑆𝑛𝑥 − 𝑎||
𝐺𝑒) (𝑎𝐺𝑒1−𝑥𝑆𝑛𝑥 − 𝑎||
𝐺𝑒)⁄                     (1) 
Also plotted in Fig. 1 (e) is the degree of strain relaxation of the Ge buffer layers, calculated as 
𝑅𝐺𝑒 = (𝑎||
𝐺𝑒 − 𝑎𝑆𝑖 ) (𝑎𝐺𝑒 − 𝑎𝑆𝑖 )⁄ .  It is seen that while in sample A, the GeSn epilayer is nearly 
pseudomorphically strained (𝑅𝐺𝑒0.938𝑆𝑛0.062 = 1.5 %), the alloy epilayer of sample B is 
significantly relaxed (𝑅𝐺𝑒0.966𝑆𝑛0.054 ≈ 72 % ). In fact, 𝑅𝐺𝑒0.966𝑆𝑛0.054 corresponding to sample 
B is rather comparable to that of sample C (𝑅𝐺𝑒0.906𝑆𝑛0.094 ≈ 78%). Thus, it is evident that the 
strain relaxation of the GeSn epilayers in this study is not driven by the plastic relaxation of 
misfit-induced strain at the Ge-GeSn interface.    
 
Figure 1: (a) A schematic representation of the diffraction geometry and (section of) the slip 
system of the fcc crystal structure. 𝒌𝒊 and 𝒌𝒐 are the incident and the diffracted wave vectors, 
respectively, while ?̂? and 𝑸 represent the normal to the sample surface and the diffraction 
vector, respectively. 𝜔𝑖 is the angle between the sample surface and the line connecting the 
source to the sample plane. 𝜔𝑜is the angle between the sample plane and the projection of 𝒌𝒐 
onto the plane defined by 𝒌𝒊 and ?̂?. The slip system of the fcc crystal structure is represented 
by (
𝑎
2
〈110〉{111}). On the (111) plane, the possible slip directions are shown by the arrows. 
Three different co-ordinate systems, (𝐿𝑥 , 𝐿𝑦, 𝐿𝑧), (𝐷𝑚𝑥 , 𝐷𝑚𝑦, 𝐷𝑚𝑧), and (𝐷𝑡𝑥 , 𝐷𝑡𝑦,
𝐷𝑡𝑧),used in the dislocation density analysis, are shown in the schematic.(b) and (c) 𝜔 − 2Θ 
diffractograms for the symmetric (004) and the asymmetric (224) reflections, collected from 
the series of samples. In all cases, the GeSn peaks are to the left of the Ge peaks, while the Si 
substrate peaks are the right-most. (d) A plot of the sample thicknesses, together with the 
critical thicknesses for strain relaxation for the GeSn-Ge heterosystems, as predicted by the 
Mathew-Blakeslee and the People-Bean models. (e) A plot of the degree of strain relaxation of 
both the Ge and the GeSn layers for all three samples versus the Sn-content of the GeSn 
epilayers.  
To understand this counter-intuitive observation, it is important to consider the strain-state and 
the thicknesses of the Ge buffer layers as well. In sample A, the Ge buffer layer is fully-relaxed 
(in fact, it is tensile-strained due to thermal-conductivity-mismatch induced residual strain [35, 
36]) and 350 nm thick, whereas in sample B and C, it is 94.9 % and 92 % relaxed, respectively, 
and only 80 nm thick. As will be demonstrated in the sections below, these attributes of the Ge 
buffer layer play the most crucial role in controlling the strain relaxation of the alloy epilayer 
atop. A large density of dislocations thread through the Ge-GeSn interface in case of the 
partially-relaxed thin Ge buffer layers, which cause the GeSn epilayers to relax (irrespective of 
the alloy composition). In the thick Ge buffer layers, grown by the two-step growth technique 
(and cyclic annealing), dislocation threading is arrested, which in turn, supresses the relaxation 
of the GeSn epilayer.  
To further determine the role of the Ge buffer layer in the relaxation of the GeSn epilayer, 
quantitative estimates of the TDD were obtained from the -diffractograms of the (004) 
reflections, for both the GeSn and the Ge layers, by the Benediktovich approach. As outlined 
in Ref. [1], the measured intensity distribution of the rocking curve, in the direction of the 
scattered beam (?̂? = 𝒌𝑜𝑢𝑡 𝑘𝑜𝑢𝑡⁄ ) is given by  
𝐼(𝑞𝑛)𝑀 = 𝐼(𝒒. ?̂?) =  ∫ 𝑑𝛿𝑥 ∫ 𝑑𝑧 exp(𝑖𝒒. ?̂?𝛿𝑥) 𝐺(𝛿𝑥, 𝑧)
𝑑
0
∞
−∞
                    (2) 
The term 𝐺(𝛿𝑥, 𝑧) is the correlation function, expressed as 
 𝐺(𝛿𝑥, 𝑧) = exp(−𝑖𝑇1(𝛿𝑥) − 𝑇2(𝛿𝑥, 𝑧))                              (3) 
where 𝑇1(𝛿𝑥) = 𝜌𝑚𝑄𝑖⟨𝜖𝑖𝑗
(𝐿)
⟩𝑛𝑗𝛿𝑥 and 𝑇2(𝛿𝑥, 𝑧) =
1
2
𝜌𝑄2𝐺𝑖𝑗𝑘𝑙
(𝐿) 𝐸𝑖𝑗𝑘𝑙
(𝐿) 𝛿𝑥2.  Here, 𝑸 is the 
scattering vector (See Fig. 1 (a)) and 𝒒 = (𝑸 − 𝑸0) describes the deviation of the scattering 
vector from the reciprocal lattice vector 𝑸0. The tensors ⟨𝜖𝑖𝑗
(𝐿)
⟩ and 𝐸𝑖𝑗𝑘𝑙
(𝐿)
 describe the mean 
strain due to misfit dislocations and the strain fluctuation, respectively, both represented in the 
“laboratory” (L) co-ordinate system,  𝐿𝑧‖?̂? and 𝐿𝑥‖[𝒌𝑖𝑛 − ?̂?(?̂?. 𝒌𝑖𝑛)] (See Fig. 1 (a)).  ?̂? is 
the normal to the sample surface and 𝒌𝑖𝑛 denotes the incoming wave vector. Finally, the term 
𝐺𝑖𝑗𝑘𝑙
(𝐿)
 is the geometric tensor, which captures the influence of the measurement mode on the 
measured intensity distribution. We note here that the expression for 𝐺(𝛿𝑥, 𝑧) used in Ref. [1] 
is incorrect and has been corrected here in Equation (3). 
The term 𝜌𝑚 denotes the density of misfit dislocations, while the expression of 𝜌 contains both 
𝜌𝑚 and the threading dislocation density (𝜌𝑠) as,  
𝜌𝐸𝑖𝑗𝑘𝑙
(𝐿) =
𝑔𝜌𝑚
𝑑
∑ 𝑇𝛼𝑖𝑗𝑘𝑙
𝐿𝐷𝑖
′𝑗′𝑘′𝑙′
𝐸𝑖′𝑗′𝑘′𝑙′ (𝑧)
(𝐷𝑚) +  𝜌𝑠 ∑ 𝑇𝛼𝑖𝑗𝑘𝑙
𝐿𝐷𝑖
′𝑗′𝑘′𝑙′
𝐸𝑖′𝑗′𝑘′𝑙′ (𝑧)
(𝐷𝑡)
𝛼𝛼
                     (4) 
Here, (𝐷𝑚) and (𝐷𝑡) denote the co-ordinate systems described by (𝐷𝑚𝑧‖?̂?, 𝐷𝑚𝑦‖?̂?) and 
(𝐷𝑡𝑧‖?̂?, 𝐷𝑡𝑥,𝑦 ⊥ ?̂?) (See Fig. 1 (a)), while 𝑇𝛼𝑖𝑗𝑘𝑙
𝐿𝐷𝑖
′𝑗′𝑘′𝑙′
are the co-ordinate transformation tensors. 
The summation index 𝛼 denotes the different dislocation line directions and 𝑔 is a positional 
correlation parameter for the misfit dislocations. The final expression for the diffraction 
intensity simplifies to 
𝐼(𝒒. ?̂?) =  ∫ √
𝜋
𝑇2(𝑧)
𝑑
0
exp (−
𝒒. 𝒏 −  𝜌𝑚𝑄𝑖⟨𝜖𝑖𝑗⟩𝑛𝑗
4𝑇2(𝑧)
) 𝑑𝑧                                 (5)  
For each dislocation line direction 𝛼, corresponding to the slip system appropriate for Ge and 
GeSn (fcc, (
𝑎
2
〈110〉{111}), the strain tensors were calculated (following the corresponding 
expressions in Ref. [1]). The fit of expression (5) to the measured -diffractograms of both the 
GeSn and the Ge layers shows an excellent agreement, even down to the low intensity tails, as 
shown in Fig. 2 (a) and 2(b). The obtained values of the threading dislocation densities (TDD), 
for the Ge and the GeSn epilayers, are plotted in Figure 2 (c). There are two important features 
to note in this plot. Firstly, for all three samples, the TDDs are comparable in the Ge buffer and 
the GeSn epilayer, with the latter being marginally smaller. Secondly, the TDD measured for 
sample A is about two-orders-of-magnitude lower than that of samples B and C. Both 
observations indicate that the dislocations causing the GeSn layers to relax are those which 
thread from the Ge buffer layer underneath. The marginal reduction in the TDD of the GeSn 
epilayers, in comparison to the Ge buffer layers is probably related to the interaction of 
threading dislocations, mediated by Sn atoms in the alloy epilayer [37]. 
Cross-sectional transmission electron microscopy (XTEM) images of the three samples are 
shown in Figure 3. For sample A, the dislocation network of the Ge buffer layer is seen to be 
confined in a region close to the Si-Ge interface (Fig. 3 (a)). The dark-field image (Fig. 3 (b)) 
shows annihilation of 60 dislocations within ~ 100 nm of the buffer layer thickness. 
 
Figure 2: Fitting of expression (5)  to (004) - diffractograms corresponding to the (a) GeSn 
epilayers and (b) Ge buffer layers of the three samples (c) Plot of the threading dislocation 
densities (TDD) for both the Ge and the GeSn layers versus the ratio 𝑡𝐺𝑒𝑆𝑛 𝑡𝑐⁄ , where 𝑡𝑐 is as 
predicted by the People-Bean model. 
Confinement of dislocations at the epilayer/substrate interface is a characteristic outcome of 
cyclic annealing in Ge/Si epitaxial layers and consistent with earlier reports [24, 38]. 
Concomitantly, dislocation threading across the Ge-GeSn interface is barely visible.  On the 
other hand, for samples B and C, a large density of threading dislocations is observed to cross 
the Ge-GeSn interface, from the thin, partially relaxed Ge buffer layer (Figs. 3 (c) and 3 (d), 
respectively).  As argued earlier in the context of the HRXRD results, these dislocations cause 
the GeSn epilayer to relax, even observed for sub-critical layer thicknesses [25].  
 
 
Figure 3: XTEM bright field images recorded for samples (a) A (6.2% Sn), (c) B (5.4% Sn) and 
(d) C (9.4% Sn), and the dark field image recorded for sample A (b). The white dotted lines 
show the interface between the Ge and the GeSn layers. 
It remains to investigate how the propagation of the threading dislocations may be suppressed 
within the GeSn epilayer, such that beyond a reasonable layer thickness, high quality epitaxy 
may be recovered. Sn atoms have been demonstrated in previous reports to induce interaction 
of threading dislocations, to yield pure edge-type (Lomer) dislocations [39]. This fact may be 
advantageously exploited by introducing pure Sn in sub-monolayer quantity, after growth of a 
few tens of nanometer of the alloy epilayer. The efficacy of this approach needs further 
experimental investigations.  
In conclusion, we have proposed a possible mechanism of strain relaxation in GeSn epilayers, 
by tailoring the growth recipe and thickness of the underlying Ge buffer layer, even for sub-
critical layer thicknesses. Combined with additional techniques of dislocation filtering, this 
approach may pave the way for obtaining highly-relaxed GeSn epilayers by MBE, without 
significantly compromising the crystalline quality. 
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